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Nowadays, there is various research on transformable robots. The use of 
origami patterns for the transformable robot can be found in much research. 
The disadvantages of the traditional origami model are the suitable material 
for folding is zero thickness, complicated patterns, and over-constrained 
mechanism. In this paper, the idea of designing a 1 degree-of-freedom box- 


shaped robot is proposed and two types of robot design have been analyzed. 
The first design is the waterbomb robot, which uses the traditional origami 
Keywords: pattern. The second model takes the Sarrus linkage as the main mechanism 
for the mobile robot. In both designs, the transformation of the robot 
requires only one motor, making the robot lightweight and portable. This 
paper analyzes the kinematic and dynamic properties of two transformable 


Origami robot 
Origami technology 


Sarrus linkage robots by using MATLAB. The comparison of the torque required for 
Transformable robot forming a 3D shape has been done for optimizing robot design. Finally, the 
Waterbomb real model-optimized design is introduced to illustrate the proposed method. 
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1. INTRODUCTION 

Origami robotics, which is classified as one approach of the transformable robot, is the combination 
of origami art and robotics with the aim to create robots that can transform into 3D models depending on 
crease patterns [1]. Robots may effortlessly change their configurations using origami crease patterns with a 
simple movement. Due to its ability to transform between a 2D and a 3D model in active and sleep modes, 
origami robots is beneficial for packaging. This versatile feature is an advantage for robots when working in 
various working spaces. Up to now, there are several studies on robot transformation ability supported by 
origami art, like miniature origami robots [2], self-folding origami robot [3]-[7], Tribot [8]—[10], and 
origami-inspired robotic arm [11]—[13]. The idea of making a robot folding origami pattern was investigated 
n [14], [15]. In these studies, the origami pattern was simplified or made into a series of folding creases, so 
that the robotic hand was able to fold step-by-step. However, this approach was a little bit time-consuming 
and required the flexibility of a robot hand. The self-folding robot has been considered in many works, with 
some material as paper, and alloy [16]. These patterns are connected to each other by using springs or hinges 
[17] and the robot can jump, and crawl with some actuators. 

The most important point that should be considered when making robots from origami patterns is 
the problem of thickness. Traditional origami pattern is employed on normal paper with zero thickness, 
whereas the fabric for making the robot is solid to guarantee the strength and stability of the robot. To use 
origami structures in robots, rigid origami has been considered in much research [18]—[20]. Most research 
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has recommended thinking about the pattern as a series of interconnected spherical linkages. For instance, 
thick panels that used tapered surfaces are recommended for folding Miura-ori, meanwhile, others proposed 
to use offsets at the connection part of panels when folding the square-twist origami pattern. Another 
research recommended using of cardboard, and the hinges were considered as the first or last layer of the 
materials. The use of cardboard is suitable for improving the strength of the pattern; however, the use of a 
hinge is not guaranteed after a long time. Therefore, in this paper, we suggest using origami patterns as a 
mechanism with polypropylene (PP) material. This material is popular and easy to find when we make real 
prototypes with 3D printers. The PP material may be difficult to manage with spherical joints, therefore in 
this paper, we have made the virtual spherical joints by creating holes to prevent collision and have the full 
function as the original ones. 

Inspired by the concept of making a robot from a flat folding pattern [11], the authors of this paper 
would like to create a mobile box-shaped robot that can transform different shapes with only 1 motor. 
Therefore, the designing process of this idea is: choosing a suitable 1 degree-of-freedom (DOF) mechanism, 
kinematics and dynamic analysis, controlling solution, and making a real prototype [21]. We have chosen 2 
mechanisms with 1 DOF to analyze 2 designs that are inspired by the Sarrus linkage and waterbomb model. 
The Sarrus linkage is a mechanical linkage with 1 DOF that can change a circular motion to a linear motion 
and vice versa [22]. Waterbomb is a traditional origami pattern and has various applications [2], [6]. From 
the view of rigid origami, the pattern generally has multiple DOFs, but when it is folded symmetrically, the 
pattern reduces to at least one. Therefore, two designs require just one motor for the transformation of the 
robot, they are also suitable for making the robot lightweight and portable. In this paper, we investigate the 
ability to form a process by solving the controlling problem. Then, the necessary torque for this process is 
calculated and we can base it on the result to make the real prototype. 

Compared to previous work about transformable robots and 1 DOF mechanisms, there are some 
differences between these studies and our research, we have done investigating to carry out the thick origami 
patterns that are suitable for box-shaped robot transformation, and the kinematics and dynamics are analyzed 
to derive the equations of motion of the robot so that the robot controlling can be completed. The comparison 
of the two robot models is also discussed so that researchers can decide which pattern is suitable for making 
the real prototype. 

The rest of the paper is as follows. Section 2 introduces the design of the waterbomb mobile robot 
and discusses the kinematics and dynamics analysis. The analysis of the Sarrus mobile robot is discussed in 
section 3. Section 4 consists of the discussion and comparison of two types of mobile robots and the 
conclusion are written in section 5. 


2. WATERBOMB ROBOT 
2.1. Conceptual design of Waterbomb robot 

Consider a pattern made by tessellating six-crease waterbomb bases as shown in Figure 1(a). The 
pattern consists of only two sorts of vertices, D and W, enlarged in Figure 1(b) and (c). The rigid origami 
folding around each vertex is often modeled kinematically as a spherical 6R linkage in which the creases act 
as revolute joints and the sheets between creases are rigid links. Generally, a spherical 6R linkage is of three 
DOFs, but this number is reduced to at least one if only the symmetric folding is allowed [12]. 


(c) 


Figure 1. Six-crease waterbomb pattern (a) the general pattern, (b) vertex D and its surrounding creases, (c) 
vertex W and its surrounding creases 
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The panels with non-zero thickness can also be folded using the waterbomb tessellation. This is 
frequently accomplished by mapping the same pattern onto a thick panel while positioning the fold lines on 
the panel's top or bottom surfaces. Now, at D and W, there will still be sixfold lines in places of creases, but 
these fold lines do not converge to a vertex. In other words, dissimilar to the zero-thickness sheet, the 
distances between the adjacent fold lines are no longer zeros. In terms of the kinematic model, the spherical 
6R linkage is now replaced by spatial 6R linkages [23], [24]. As shown in Figure 2, the valley and mountain 
creases remain, and the connection between the creases is almost like hinges. Inspired by the application of 
waterbomb pattern, a new model of the box-shaped mobile robot has been created. The tessellation pattern of 
the robot is given in Figure 3(a). In Figure 3(a), there are 6 sides in the box-shaped model. This is a simplified 
model of waterbomb pattern, only the vertex D and its surrounding creases are used in the new robot model. 
There are 6 parts for one side of the model, the creases connecting each side with the origami rules can help 
the model transform a 3D shape into a 2D shape easily. The parameters of the geometric relation are given in 
Figure 3(b). 


Vertex D and its surrounding creases Vertex W and its surrounding creases 


oF 


(a) (b) 


Figure 3. Conceptual design of waterbomb mobile robot (a) the 3D model of waterbomb robot, (b) the 
geometric parameters of the folding pattern 


The thick model of the box is shown in Figure 4. The structure is developed from the tessellation 
model, the connecting creases used in the thick model are hinges as shown in Figure 4(a). The valley and 
mountain creases remain in the tessellation as shown in Figures 4(b) and 4(c). However, the thickness of the 
big parts (purple and cyan parts) is designed double that of 4 four-sided parts (brown, pink, red, and grey 
parts). The purpose of making a bigger thickness is to create a perfectly flat shape in the sleeping mode of the 
box shape as shown in Figures 4(c) and (d). 


(a) (b) (c) (d) 


Figure 4. The thick model of waterbomb (a) the box structure of the robot, (b) the flat mode of the box, 
(c) the folding behavior of one box side, and (d) the inner structure of the box 
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2.2. The kinematics and dynamics analysis 

To analyze the kinematic relations of the model, we use the Denavit-Hartenberg method. As the 
symmetric model, we consider only one side of the box. Panel 1 is the bottom part; the other parts are 
numbered clockwise. The geometric parameters and the joint angles in valley folds are shown in Figure 5(a). 
The shapes of mountain folding are given in Figure 5(b). Other D-H parameters are shown in Table 1. 


Figure 5. Two folding behaviors of the waterbomb robot (a) valley folding behavior and (b) mountain folding 
behavior 


Table 1. Denavitz-Hartenberg parameters of one side of the box-shaped mobile robot 


Joint 9; di aj LA 
1 0, dV2 2b —n/4 
2 -@ 0 —2b —r/4 
3 03 -dV2 0 —n/2 
4 0, dv? 2b —1/4 
5 -6s 0 —2b -n/4 
6 A -dV2. 0  —r/2 


Let q; be the angle between part i and i + 1, therefore, with mountain crease: q; = m — 0;, and with 
valley crease q; = m + 6;. As the model is symmetric, then q1 = q6 = q3 = q4; q2 = qs. The relation 
between q4 and q is given as (1). 


tan@ = V2 tan (1) 
As can be seen in the Figure 5(a), we can derive: 
h = 2asin qo > AB = 2a sin + 2.2b cos = 2asin dy + 2.2b cos qo > q2 = 240 (2) 


The transformation matrix is calculated as: 


1 0 0 -2b 
0 1 0 = 
Ty = 3 
110 0 1 -(a+d)v2 a 
0 0 0 1 


The position of mass center is determined as: 


Pe, = Toilb ie aaa 1]? = [Xc Vey ZC, 1)" 
Pe, =TyTM2[-b .. o I? =a Yc Zc, 1)" 
De =TpiTy2T23[b .. a U = [o Yes 2c, 1" 
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Pe, — [xc h— Vey Zc, 1)’; Deg = [Xc Yc —2a — 2d — ZC3 1]? 
pe =[%c. Ye. -2a—2d—Z, 1]* 


Let rc, = [Xc Ye; 2ci],q = [lo %]", the kinetic energy of 2 big plates is calculated as (4), 
: T» . . et [2Zpig 0l. 
2T = 2pigdS + Viera Mite, to = å" (Bai mife Jre) +à” | o d q (4) 


in which, Jpig is the mass moment of inertia of 2 big plates around its shafts. The kinetic energy of 4 small 
plates is calculated as (5). 


2T = Yi=2,3,5,6(Mitd, Vc, + Wi Iii) (5) 


in which, w, = [x2 ®y2 ®2z2],we = [~@x2 —Wy2 ze]; 


W3 = [xz Wyz z3], Ws = [0x3 Wyz  Wz3] 
ı 0 0 1 0 0 

Ic3 = Ice = fo J oft = lcs = fo O2 +J3)/2 Q3 —J2)/2 (6) 
0 0 Js 0 U3-J2)/2 U2 +J3)/2 


Kinetic energy of | side of waterbomb model is derived as (7). 
T T 2Ipig 0 T ' 
T = 0.54 Èi=1,6 MU tJ Tei + Di0 + Xi=2,3,5,6Jrilc rR) Å (7) 
Hence, 
T 2I pig 0 T 
Ms(q) = Xi=1,6 MI tJ Tei + Ara + Xi=2,3,5,6JrilciJRri (8) 


Kinetic energy of the top part: 


T = 0.5m,h? (9) 
Hence, 

Main, ké COS qo Pigs sin qo)? o (10) 

G.(q) = mg bs COS qo R 4b sin 40] (11) 
Then, we derive (12). 

M(q) = 2Ms + M; G(q) = 2Gs + Gr; C(q,ġ) (12) 
The motion of the waterbomb robot is derived as (13). 

M(q)4+C(4,4)q + G(q) + ATA =U (13) 
The linkage equation is as (14). 

f = tanqo — V2tan% = 0 (14) 
Hence, 

A=|tan?qg+1 -2(tan2%+1)| > Ag = 0 = Ag + Aq = 0 (15) 


Then motion of the robot is derived as in (13). From (1) and (2), we derive (16) and (17). 
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. _ Go(tan? qg+1) _ 2qo(tan? qo+1) 

M = Branzi)  VZ(tanžqo+1) (16) 

„ _ 2(@o+2qo tan qo) (tan? qo+1)-#(tan qo) (tan? qo+2) 17 

1 V2(tan2 qo+2) a7) 
2.3. Control of waterbomb robot 

The PD control torque is computed as (18), 

U = M(q)Ga + Kaé + Kpe) + C(q,å)å + G(q) (18) 


in which, e = q — qq, qais the desired angle. The motion of the desired angle is designed as in Table 2. The 
PD control parameters in the simulation are given as Kp = 900, Kg = 60. The total mass of the model 
designed on SolidWorks is 1768 g and the area of the model at flat mode is calculated as (19). 


200 x 200 + 4 x (200 + 50) + 2 x 75 = 0.775.106 (mm?) (19) 


The results of this controllation are given in Figure 6. As can be seen in this figure, after 2 seconds, 
the constant trajectory is depicted in Figure 6(a). The error of controllation and the computed torque are 
illustrated in Figures 6(b) and 6(c). The figures show that these input actuation histories can be quite large 
when the gains are large. The reason we choose the controllation trajectory is the quadratic equation to form 
the 3D shape, if we choose the position equation, the singularity may occur and reduce the strength of the 
mechanism. 


Table 2. Designed trajectory for controlling 


Time Desired angle (degree) 

Os-1s 0.01 

is-25 dat) = 0.01 + 269.94(¢ — 1)? — 179.96(t — 1)° 

At = 0.001s 
2s-3s 89.99 
460 Angle Error of angle 
= = —Realangle 
Desired angle 


0 0.5 1 1.5 2 2.5 3 
time [s] 


(a) 


Torque 


0 0.5 1 1.5 2 2.5 3 
time [s] 


(c) 


Figure 6. Results of PD controlling with trajectory: (a) result of controlling angle, (b) error of angle during 
controlling time, and (c) result of controlling torque 
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3. SARRUS ROBOT 
3.1. Conceptual design of Sarrus robot 

With the idea of creating a robot that can transform from 2D to 3D, the 3D configuration, also 
known as “cubic mode” or “active mode”, should have the shape of a box with wheels. Meanwhile, in the 2D 
configuration, also known as “flat mode” or “sleep mode”, the wheels are hidden, and two Sarrus linkages 
are combined. The schematic design of the first and second linkage is illustrated in Figures 7(a) and 8(a), and 
the full model design is illustrated respectively in Figures 7(b) and 8(b). 


top panel 


C2-side 
panel 


C1-side 
panel 


forward 
panel direction 


Figure 7. The design of (a) the schematic of the first Sarrus linkage and (b) the linkage 


|A,E,F: Joint 
C,R: Link 


connecting 
rod 


Ci-side 


forward 
direction 
DC passive underneath 
(b) wheel motor wheel panel 
(a) (b) 


Figure 8. The design of (a) the schematic of the second Sarrus linkage and (b) the linkage 


The main body of the robot in active mode is formed by the first linkage, a four-sided Sarrus 
linkage, as shown in Figures 7(a) and 7(b). There is one based panel where the motor for transformation is 
mounted on. Four pairs of panels connect four sides of the base panel and those of the top panel. There are 
two types of side panels: the below-sided panel called the Cl-side panel and the upper one called the C2-side 
panel. The sizes of the side panels are equal to satisfy the condition of a Sarrus linkage. All the joints are 
revolute joint. The motor directly controls only one of them, while the other joints are passive joints. 

The second linkage as shown in Figures 8(a) and 8(b) is a variant of Sarrus linkage which let an 
underneath panel with wheels move down during transformation into active mode. The base panel and three 
Cl-side panels adjacent to the base panel are shared by the two Sarrus linkages. To accommodate the three 
connections that complete the second Sarrus linkage, cuts are created in the base panel. The active joint is not 
a part of the second Sarrus linkage to save space for the motor for transformation. The sizes of wheels should 
be small enough to be hidden in the flat mode. 

In the active mode, three wheels (two active wheels controlled by two DC motors and one passive 
wheel for navigation) are activated as they touch the ground. Table 3 shows the basic parameters of the 
Sarrus mobile robot, while Figure 9 illustrates our design in 2 modes: flat mode in Figure 9(a) and cubic 
mode in Figure 9(b). Figure 10 shows the prototype of the double Sarrus. The prototype is created using 3D 
printers, the material is PP plastic. 
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Table 3. Parameters of Sarrus mobile robot 


Robot parameters Description 
Robot Dimensions in flat mode 256x256x36 mm 
Dimensions in 3D mode 180x180x148 mm 
Mass 1500 g 
Material Polylactic Acid 
Actuator Transformable mechanism 1 servo motor 
Mobile mechanism 2 DC servo motors 
Control Main controller Arduino pro mini 
Power 2 LiPo batteries DC 3.7 V 


(a) (b) 


Figure 9. Flat and cubic mode of Sarrus mobile robot (a) flat mode and (b) cubic mode 


(b) 


Figure 10. The prototype of Sarrus mobile robot (a) flat mode and (b) cubic mode 


3.2. Analysis of kinematics and dynamics 
A dynamic model has been created to analyze the movement of transforming. Figure 11 illustrates 
the kinematic parameters, variables, and coordinate system. Table 4 gives the dynamic parameters. 


top panel 


Figure 11. Dynamic model 
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Table 4. Dynamic parameters of double-Sarrus mobile robot 


Symbol Description 

me Mass of top panel 

Mem Mass of arm motor 

Mey Mass of arm | panel 

Mez Mass of arm 2 panel 

Tem Inertia moment of arm motor 
Ila Inertia moment of arm 1 panel 
Iez Inertia moment of arm 2 panel 
me Mass of top panel 


When moving, the kinematics coordinates are connected by (20) to (26). 
yz, — 2d sinq = 0 
Xc, = a, cos q — b; sing 
Ya = a, sinq + b; cos q 
Xcm = am COS q — bm sing 
Yem = Am Sing + bm cos q 
Xc, = dcos q — az cos q + bz sinq 
Ve, = d sinq + a sing + b, cos q 
Kinetics and potential energy are calculated as (27) and (28). 
T= :, 3(m,, v2, +Iaġ?)+ = A(me, v2, + 1,47) + = (MemVen + Tem?) + ~m,v} 
I = g3me, Ye, + 4Me,Veg + MemYem + MeYe) 
The general form of equation of motion is given as (29), 


U = M(q)G+ C(q,q)q + G(q) 


in which, 


mor) + E) +m (#8) 
+Mom (42) + (2=)) +m (y AE E + lem) 


13M) -2 
2 ôq q 


Cq, å) = 


Oc OVc 
Gq=g (3me, 7A + 4m,, T +m 


3Ycm xe) 
cm aq gi t aq 


3.3. Control and simulation 


3.3.1. Transformation 
The PD control torque is computed as (33), 


U = M(q)(Ga + Kaé + Kye) + C(q,å)å + G@) 


(20) 
(21) 
(22) 
(23) 
(24) 
(25) 


(26) 


(27) 


(28) 


(29) 


(30) 


(31) 


(32) 


(33) 
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in which e = qq — q, qa is the desired angle. The motion of the desired angle is designed as in Table 5. The 
PD control parameters in the simulation are given as Kg = 200, K, = 10000. The simulation has been 
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completed with a quadratic trajectory as shown in Figure 12. After 1 second, the 3D structure of the robot is 
formed, and the torque needed for the forming process is 1.2 Nm. 


Table 5. The motion of desired angle 


Time Desired angle (degree) 
0s—0.5s 0 
0.5s-1.5s  qa(t) = 0,01 + 269,94(t — 1)? — 179,96(t — 1)? 
At = 0.001s 
1.5s—2s 90 
Angle Error of angle 
100 | ST rT D T rr 
= = = Real angle 
80 | Desired angle 
60 f 
D 
® 
Ss 
40; 
20+ 
o! 
. 7 a - - p -0.6 
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 25 3 
time [s] time [s] 
(a) (b) 
Torque 


0 0.5 1 1.5 2 2.5 3 
time [s] 


(c) 


Figure 12. Results of PD controlling with trajectory (a) result of controlling angle, (b) error of angle during 
controlling time, and (c) result of controlling torque 


3.3.2. Mobility 

The control system has a joystick on the smartphone, a Bluetooth module HCO5, an Arduino pro 
mini microcontroller, two DC motors, a DC motor driver L293D, and two LiPo power batteries. The joystick 
position is sent to the Arduino via the Bluetooth module. Then, the Arduino program processes and sends 
pulse width modulation (PWM) to the DC motor driver. The PWM signal is converted into a voltage applied 
to the two DC motors. The movements of the robot are controlled by Arduino UNO. The control program 
takes some basic moving: going straight, going backward, turning left or right, lifting, or putting down [25]. 
The Bluetooth signal transfers from a smartphone to Arduino and the robot will be taken programmed action. 

The application will send a signal of the joystick's position through Bluetooth when the joystick on 
the phone is dragged. The joystick position is given by x-y coordinates with a value from 0 to 255. The 
Arduino will receive the signal then process it using the control algorithm, and a PWM value from -255 to 
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255 will be sent to the motors. Positive values are associated with forward motion and vice versa. Details can 
be found in Figures 13 and 14. 


0 
b 
x 127 > 
255 
0 127 255 
time [s] x 
(a) (b) 


Figure 13. Results of mobility controlling (a) PWM for two wheels when moving forward to the right 
and (b) the joystick position 


o 
x 127 = 
b 
255 
0 127 255 
time [s] x 
(a) (b) 


Figure 14. Results of mobility controlling (a) PWM for two wheels when moving backward to the right 
and (b) the joystick position 


4. DISCUSSION AND COMPARISON 

To compare and then optimize the design of a transformable box-shaped robot, we have made two 
robot types with the same size, same material, and same mass. First, we discuss the mechanism complication. 
The waterbomb robot consists of 6 parts on one side, while there are 2 parts on one side of the Sarrus mobile 
robot. Apparently, the mechanism of the Sarrus mobile robot is not as complicated as the waterbomb robot. 
There are only 2 parts on each side of Sarrus robot, whereas, in waterbomb model, the number of parts on 
one side is 6. Waterbomb is the traditional origami pattern, it consists of origami properties then the design of 
waterbomb robot is the same as the original one. As we manage to design with thick panels, then the design 
is simpler, however, the mechanism is much more complicated than the Sarrus mobile. The Sarrus linkages 
are easier to make real prototypes. After the kinematics and dynamics have been analyzed, we calculated the 
torques that are necessary for the forming process of the two mobile robots. As in Table 6, with the same size 
and approximately the same mass, the torque is approximately the same. However, the error of the desired 
angle of the Sarrus mobile robot is less than waterbomb mobile robot. The maximum error angle in Sarrus 
mobile robot is 0.4 degrees, whereas in waterbomb design is 1 degree. Therefore, we choose the model of 
Sarrus mobile robot for creating the real model. The necessary torque for forming process is 1.2 (Nm), which 
is the same as the simulation. The mobility of the real model of Sarrus mobile has been verified and received 
good results as designed. 

For future works, the model can be developed with several purposes for packaging and working in 
harsh environments. The speed of forming a 3D structure should be fastened to be suitable for working 
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conditions. As can be seen in the real model, the forming process takes more time than 5 seconds. 
The reason for this problem may be due to 3D printing errors and the friction between links and joints of 
the mechanism. 


Table 6. Comparison of two box-shaped robots 
Waterbomb robot _Sarrus robot 


Mass 1768 g 1773,64 g 
Number of parts of 1 side 6 parts 2 parts 
Dimension 0,775.10°mm?2 1.10°mm?2 
Calculated torque 1.11 Nm 1.23 Nm 
Error of angle 1.03 deg 0.45 deg 


5. CONCLUSIONS 

This research aims to apply a new mechanism inspired by origami patterns for the mobile box- 
shaped robots to form a 3D shape form from the 2D model with only 1 motor. Two models have been 
implemented in this paper: the Sarrus linkage and waterbomb pattern. The kinematics and kinetics are 
analyzed and applied to the problem of controlling, then the desired 3D shape of the mobile robot is formed. 
The value of driving torque for forming the mechanism has been calculated by MATLAB. The comparison 
of the two models has been discussed and the authors have found out the optimized design for the box-shaped 
robot with the requirement of lightweight and 1 DOF. The real model of the Sarrus mobile robot has been 
completed by a 3D printer. In future research, the problem of improving forming speed and accuracy should 
be considered carefully. 
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